Abstract
Introduction
Fluid heating and cooling play important roles in many industries including nuclear power plants, power cycles, power stations, production processes, transportation and electronics. Most applicable coolant, such as water, Ethylene Glycol and engine oil, have limited capabilities in term of thermal properties, which in turn, may impose severe restrictions in many thermal applications. Always, despite considerable research and efforts deployed, a clear and urgent need does exist to date to develop new strategies in order to improve the effective thermal behaviors of these fluids. On the other hand, most solids, in particular metals have thermal conductivities much higher comparing to that of liquids. Hence, one can then expect that fluid containing solid particles may significantly increase its conductivity [1] . Solid particles of the nominal size 1-100 nm are called nanoparticles, and low-concentration dispersions of such particles in a base fluid are called nanofluids. Nanofluids are known to apply a significant increase in thermal conductivity over that of the base fluid [2] [3] [4] [5] [6] . Also, as the particles are ultra-fine and at low concentrations, they probably overcome the problems of sedimentation. In fact, nanofluids have unprecedented stability of suspended nanoparticles were proven to be having anomalous thermal conductivity even with small volume fraction of the nanoparticles (dilute nanofluids) [7] . By suspending nanoparticles in heating or cooling fluids, the heat transfer performance of the fluid can be significantly improved. The main reasons may be listed as follows [8] :
• The suspended nanoparticles lead the surface area to be released and the heat capacity of the fluid to be enhanced.
• The suspended nanoparticles increase the thermal conductivity of the fluid.
• The interaction and collision among particles, fluid and the flow passage surface are intensified.
• Nanoparticles after depositing on the heating section change the surface characteristics and wettability of surface. Forced convective and Boiling heat transfer continue to be a subject of ongoing researches because of their potential to remove large amounts of heat at low temperature difference and a lack of validated models. Early studies of application of nanofluids in flow and pool boiling have mainly focused on critical heat flux and surface characteristics of a heating section as well as thermal conductivity enhancement and the parameters that govern this behavior [9] [10] [11] [12] [13] [14] [15] . Following literature briefly represents some recent works conducted on forced convective and flow boiling heat transfer of nanofluid.
2 State-of-the-art Many investigations [16] [17] have been conducted on forced and flow boiling heat transfer coefficient of nanofluids but following literature represents some of the latest researches about the convective and boiling heat transfer. As an example, an experimental study on the forced convective heat transfer and flow characteristics of TiO 2 /water nanofluids under turbulent flow conditions has been reported by Duangthongsuk and Wongwises [18] . A horizontal double-tube counter flow heat exchanger is used in their study. They observed a slightly higher (6-11%) heat transfer coefficient for nanofluid compared to pure water. The heat transfer coefficient increases with increasing mass flow rate of the hot water as well as nanofluid. Recently, Sarafraz et al. conducted some experimental investigations on pool boiling heat transfer of nanofluids around the horizontal cylinder [19, 20] . Also, among very few studies on flow boiling of nanofluids, Kim et al. [9] represented about 50% enhancement in flow boiling Critical Heat Flux (CHF) for Al 2 O 3 /water nanofluids flowing through a vertical stainless steel tube. Very recently, Henderson et al. [21] studied refrigerant-based SiO 2 and CuO-nanofluids in flow boiling experiments in horizontal copper tube. They found that while the Boiling Heat Transfer Coefficient (BHTC) of SiO 2 /R-134a nanofluid decreases up to 55% in comparison to pure R-134a, the BHTC increases more than 100% for CuO-laden nanofluid over base fluid, i.e. mixture of R-134a and polyolester oil (PO). Tsai et al. studied about the effect of structural character of nanoparticles on heat pipe thermal performance and concluded that the thermal resistance of the heat pipes with nanofluids was lower than that of distilled water [22] . Ding and Wen illustrated that the nanoparticles migration due to spatial gradient in viscosity and shear rate, as well as the Brownian motion has a significant implication to heat transfer [23] . Nanofluid phase change was investigated by Das et al. [24] . They observed boiling performance deterioration for nanofluids.
Objective of this work is to represent a set of experimental data related to the flow boiling heat transfer coefficient of Al 2 O 3 /water nanofluid and investigate the influence of some operating parameters such as heat flux, fluid flow rate and volumetric concentration (vol. %) of particles in base fluid on forced convective and flow boiling heat transfer coefficient of Al 2 O 3 water based nanofluids. Also, a rough comparison is made between the experimental data and two well-known correlations (Chen model and Gungor-Winterton). This comparison represents the good agreement between experimental data and those computed using above-mentioned correlations. In the present work, nanofluids with volumetric concentrations of 0.5%, 1% and 1.5% is prepared using the 45-50nm (claimed by manufacturer) Al 2 O 3 as nanoparticle and deionized water as based fluid. Also, particle size examinations as well as XRD test of solid particles were performed to see how much the claims of manufacturer about the sizes and quality of nanoparticles are in real true. As can be seen in Fig. 1 , maximum size counts are related to 45-50nm particles. Fig. 2 depicts the SEM image of Al 2 O 3 nanoparticles. XRD pattern (Fig. 3 ) also depicts the single-phase Al 2 O 3 with a monoclinic structure which implies on this fact that there is no impurity other than Al 2 O 3 nanoparticles and no significant peaks of impurities are found in XRD pattern. The peaks are broad due to the nano-size Effect.
Schematic of the main components of the close loop experimental facility constructed in the present study is shown in Fig. 4 . The working fluid enters the loop from a main tank through the isolated pipes and is continuously circulated by a centerfugal pump (DAB Co.). Duo to the importance of flow rate of fluid in flow boiling heat transfer, a Netflix ultrasonic flow meter is also installed in trajectory line of fluid to measure the flow rate with the least possible uncertainty. Also, a rotameter is installed at the outlet line of condenser to validate the flow rate values measured by ultrasonic device. The fluid temperature was measured by two PT-100 thermometers installed in two thermo-well located just before and after the annular section. The complete cylinder was made from stainless steel 316a. Thermometer voltages, current and voltage drop from the test heater were all measured and processed with a data acquisition system in conjunction with a PID temperature controller. The test section shown in Fig. 4 consists of an electrically heated cylindrical DC bolt heater (manufactured by Cetal Co.) with a stainless steel surface, which is mounted concentrically within the surrounding pipe. The dimensions of the test section are: diameter of heating rod, 22 mm; annular gap diameter (hydraulic diameter) 30 mm; the length of the pyrex tube is 400 mm; the length of stainless steel rod, 300 mm; the length of heated section, 140 mm which means that just the first 140 mm of stainless steel is heated uniformly and radially by the heater. The axial heat transfer thorough the rod can be ignored according to the insulation of the both ends of the heater. The heat flux and wall temperature can be as high as 190,000 W.m -2 and 163°C, respectively. The local wall temperatures have been measured with four stainless steel sheathed K-type thermocouples which have been installed close to the heat transfer surface. The temperature drop between the thermocouples location and the heat transfer surface can be calculated from:
The ratio between the distance of the thermometers from the surface and the thermal conductivity of the tube material (s/λ w ) was determined for each K-type thermocouple by calibration using Wilson plot technique [25] . The average temperature difference for each test section was the arithmetic average of the four thermometers readings around the rod circumference. The average of 10 voltage readings was used to determine the difference between the wall and bulk temperature for each thermometer. All the K-type thermocouples were thoroughly calibrated using a constant temperature water bath, and their accuracy has been estimated to ±0.3K. The local heat transfer coefficient α is then calculated from:
V is voltage (V) and I is current (A). Voltage and current of the system was measured using Fluke multi meter with ±1% of reading. Also, to minimize the thermal contact resistance, high quality silicone paste was injected into the thermocouple wells. To avoid possible heat loss, main tank circumferences were heavily insulated using industrial glass wool. To control the fluctuations due to the alternative current, a regular DC power supply was also employed to supply the needed voltage to central heater. Likewise, to visualize the flow and boiling phenomenon and record the proper images, annulus was made of the Pyrex glass.
Uncertainty analysis
The uncertainties of the experimental results are analyzed by the procedures proposed by Kline and McClintock [26] . The method is based on careful specifications of the uncertainties in the various primary experimental measurements. The heat transfer coefficient can be obtained using Eq. (9):
As seen from Eq. (9), the uncertainty in the measurement of the heat transfer coefficient can be related to the errors in the measurements of volume flow rate, hydraulic diameter, and all the temperatures as follows.
Noticeably, Ah is hydraulic cross section area based on the hydraulic diameter, where (A is the cross sectional area and P is the wetted perimeter of the cross-section. For annulus system d h =d 2 -d 1 . In this work, d 2 (diameter of glass Pyrex) is 50mm and d 1 (diameter of stainless steel rod) is 20mm. therefore; hydraulic diameter would be 30mm. According to the above uncertainty analysis, the uncertainty in the measurement of the heat transfer coefficient is 16.23%. The detailed results from the present uncertainty analysis for the experiments conducted here are summarized in Table 1 . The main source of uncertainty is due to the temperature measurement and its related devices.
Thermo-physical properties of nanofluids
In this work, it is assumed that Al 2 O 3 nanoparticles are well dispersed within the base fluid due to using the ultrasonic device and magnetic stirrer. Therefore, following correlations can be used for estimating the physical properties of nanofluids [27] [28] [29] . In this paper, the following correlations are used to calculate the density, viscosity and the specific heat of Al 2 O 3 /water nanofluid as follows in Table 2 .
Results and discussions
In this section, influence of different operating parameters on forced convective and nucleate flow boiling heat transfer coefficient of nanofluids are discussed. Also, deionized water is considered as a reference fluid and results of experiments are compared to deionized water.
Effect of heat flux
Conveniently, influence of heat flux on forced convective and flow boiling heat transfer coefficient is shown in terms of heat flux versus heat transfer coefficient. According to previous studies [22, 30, 31] in flow boiling heat transfer two distinguishable heat transfer region is observed. The first is forced convective heat transfer controlled and the second is nucleate boiling heat transfer controlled. Fig. 5 depicts the forced
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convective and flow boiling heat transfer regions. As can be seen, for both heat transfer region, with increasing the heat flux, heat transfer coefficient obviously increases. Fig.6 represents the bubble formation during the flow boiling of deionized water. All concentrations of Al 2 O 3 nanofluids are not transparent. Therefore, images related to the deionized water are represented. As can be seen, with increasing the heat flux, rate of bubble formation strongly increases. Noticeably, increasing the heat flux leads to the surface temperature to be increased and consequently, rate of bubble generation increases too. Likewise, as can be seen in Fig. 6 , numbers of nucleate active sites are dramatically increased. Thermal conductivity 29 
Effect of fluid mass flux
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Effect of concentration of nanofluid
Effect of concentration of nanofluid on heat transfer coefficient in flow boiling of Al 2 O 3 /water is one of the matters of controversial. When concentration of nanofluid increases, in forced convective region, heat transfer coefficients slightly increase while in nucleate boiling zone, deterioration of heat transfer coefficient is clearly seen. Due to the sedimentation of nanoparticles around the heating section and coating appears on the surface, surface heat transfer resistance increases and becomes isolated against the heat transfer. On the other hand surface characteristic is changed and wettability of surface is also changed and leads the bubbles to cover the heating surface which leads the heat transfer to decrease. Fig. 8a illustrates the influence of concentration of nanofluids on flow boiling heat transfer coefficient. To evaluate the influence of concentration on flow boiling heat transfer coefficient of alumina nanofluids, enhancement ratio is employed which can be obtained by is the heat transfer coefficient in presence of nanoparticles and α bf , is the heat transfer of base fluid without the nanoparticles. As can be seen in Fig. 8b , in force convective region, enhancement ratio increases while, in nucleate boiling zone, reduction of enhancement ratio is significantly seen especially, when concentration of nanofluids increases. Reduction of enhancement ratio in nucleate boiling region is due to the scale formation of nanofluids around the heating section and changes of bubble formation around the heating section. Since, rate of bubble formation increases due to the wettability of surface, bubbles cover the heating section and isolate it which leads the transferred heat to be reduced. In contrast, enhancement of thermal conductivity of nanofluids in convective region is the main reason of enhancement of heat transfer coefficient in this zone. Fig. 8b shows the enhancement ratio in force convective and nucleate boiling regions for alumina nanofluid in flow boiling phenomenon.
Comparison with well-known correlations
To investigate the accuracy of experimental data, these results are compared with those obtained by two well-known correlations namely: Chen model [32] and Gungor-Winterton [33] correlation. Table 3 shows the used correlations. These correlations are including with some thermo-physical properties such as density, thermal conductivity, viscosity and heat capacity. These properties can be estimated using table 2 correlations.
Results of comparison illustrated that experimental data represents the good agreement with those obtained by correlations. 
Conclusions
Experimental investigation on flow boiling heat transfer coefficient of dilute Al 2 O 3 water based nanofluid was conducted and following conclusions were made:
• According to experimental data, two distinguishable heat transfer regions are observed including the forced convective and nucleate boiling heat transfer regions.
• Heat flux and mass flux have a strong influence on heat transfer coefficient in both of heat transfer regions. With increasing the heat and mass flux, heat transfer coefficient dramatically increases.
• Concentration of nanofluid has a controversial effect on flow boiling heat transfer coefficient. With increasing the concentration of nanofluid, due to the deposition of particles around the heating section, heat transfer coefficient in nucleate boiling region decreases while in forced convective region heat transfer coefficient increases.
• It is recommended to use nanofluids to increase the heat transfer rate in forced convective regions, however using the nanofluid coolant in nucleate boiling region deteriorate the heat transfer coefficient.
• 
